The present study investigated the effects of shear slip on the deformation of steel-concrete composite beams. The equivalent rigidity of composite beams considering three different loading types was first derived based on equilibrium and curvature compatibility, from which a general formula to account for slip effects was then developed. The predicted results were compared with measurements of six specimens tested in the present study and other available test results for both simply supported and continuous beams. It was found that including slip effects has significantly improved the accuracy of prediction. For typical beams used in practice, shear slip in partial composite beams has a significant contribution to beam deformation. Even for full composite beams, slip effects may result in stiffness reduction up to 17% for short span beams. However, slip effects are ignored in many design specifications that use transformed section method except that American Institute of Steel Construction ͑AISC͒ specifications recommend a calculation procedure in the commentary. In the AISC procedure, stress and deflection calculations of partially composite girders are based on effective section modulus and moment of inertia to account for slip, while ignoring slip effects in full composite sections. For full composite sections, the effective section modulus and moment of inertia calculated with the AISC specifications are larger than that of present study, meaning that the specifications are not on the conservative side. For partial composite sections, the AISC predictions are more conservative than the present study.
Introduction
Taking advantage of the high tensile strength of steel materials and high compressive strength of concrete materials, composite steel construction has gained in popularity during the past decades. With the development of high-performance steels ͑HPSs͒ and high-performance concrete ͑HPC͒, composite steel bridges have been designed to span lengths greater than were previously impossible with ordinary materials, while reducing the cost of composite bridges by as much as 10%. This gain, however, could be negated by deflection controlling the design, rather than strength. Therefore, particular attention has to be paid to the deflection calculation of modern and future composite structures.
The composite action between steel and concrete depends on the performance of shear connectors at their interface. The use of HPS and HPC requires more shear connectors for full composite action. Due to the limitation of the number of shear connectors that the top flange can accommodate or for an optimal design, a partial composite design may be selected. A partial composite design will result in more shear deformation ͑slip͒ at the steelconcrete interface, which, eventually, leads to an additional deflection. Even for a full composite design, deflection calculations ignoring this interface slip will underestimate deflections compared with experimental measurements ͑Johnson 1975͒. At service load, the actual stiffness of beams with full composite design is about 85-90 % of their calculated stiffness where slip is ignored ͑McGarraugh and Baldwin 1971͒. The loss in stiffness can be attributed to the fact that the shear connectors are flexible, permitting some slip or loss of interaction between the concrete slab and steel beam, even though their strength is sufficient for full composite action ͑Grant et al. 1977͒ .
In current design practice, a bridge structural system consisting of steel beams and concrete slab is usually simplified as a combination of individual composite girders on which the bridge analysis and design are conducted. Each composite girder consists of a steel beam and a portion of concrete slab, effective slab width, connected with shear connectors. In the American Association of State Highway and Transportation Officials ͑AASHTO͒ ͑AASHTO 1998͒ specifications, no guidelines are provided in calculating the slip-induced deflection. While American Institute of Steel and Concrete ͑AISC 1993͒ specifies a reduced effective moment of inertia to account for slip in partial composite sections, no reduction is applied to full-composite sections. To preserve the benefits using high-performance materials, the accuracy of these design specifications should be re-examined.
With the development of computational tools and computers, engineers now commonly use more complicated analysis such as finite element models to analyze the entire structural systems ͑Manfredi et al. 1999; Sebastian and McConnel 2000͒ . To investigate the effects of the shear transfer characteristics between concrete and steel, the actual shear stiffness of the studs and the friction/bond at the interface can be modeled. One way to model the stud stiffness is to use spring elements ͑Dezi et al. deformation characteristics can be assigned to these spring elements in both vertical and horizontal ͑interface shear͒ directions. The individual studs can also be modeled as beam elements that will give the shear force of each individual stud. Such analysis will predict more accurate deflection but is not suitable for routine design office use.
The main objective of this research is to develop calculation tools for the deflection of composite steel members considering the effect of interface slip. The recommended procedure is suitable for design office use and is in line with the current code specifications. While the present study focuses on the regular steel and concrete composite beams, the procedure is equally valid for HPS and HPC composite beams whose deflection predictions are critical issues.
Prediction of Interface Slip
For deflection calculation under service load, steel-concrete composite structures are usually modeled elastically since the steel is in the elastic range and concrete experiences low stress levels. Elastic analysis is thus used in the present study and it is assumed that: ͑1͒ the shear stress at the interface is proportional to the slip; ͑2͒ steel girder and concrete flange have the same curvature; and ͑3͒ for simplicity, the section is symmetric about its vertical axis.
The assumption ͑1͒ gives
where pϭlongitudinal spacing ͑pitch͒ of shear studs; ϭshear stress; Kϭshear stiffness of shear stud; and Sϭslip between steel and concrete. For a simply supported beam shown in Fig. 1 , equilibrium of the finite length dx in the horizontal direction gives
where Cϭcompression in concrete; and Tϭtension in steel. Equilibrium in the vertical direction gives
where V c ϭshear force carried by concrete; V s ϭshear force carried by steel; and Pϭtotal load at the mid span. The moment equilibrium of the concrete and steel segments gives 
where A c ϭarea of concrete; and A s ϭarea of steel. The relative slip strain at the interface is calculated as
Derivating with respect to x in Eq. ͑10͒ and then using Eqs. ͑1͒, ͑2͒, and ͑7͒ gives the differential equation as 
Effect of Slip on Section Rigidity
The additional curvature due to slip is calculated as
where h c ϭdepth of concrete; h s ϭdepth of steel; and hϭdepth of entire section. For the case of simply supported beams with a single load shown in Fig. 2͑a͒ , the additional deflection due to slip is then calculated from the curvature as
Similarly, for two-point load ͑total loadϭP͒ and uniform load q shown in Figs. 2͑b and c͒, the additional deflections due to slip are derived, respectively, as
where ⌬ f 2 ϭadditional deflection due to slip for two-point load; ⌬ f 3 ϭadditional deflection due to slip for uniform load; and bϭdistance between loading point and the mid span. Considering the fact that e Ϫ␣L is close to zero since ␣L is larger than 4 for typical girders as will be discussed later, ⌬ f 1 , ⌬ f 2 , and ⌬ f 3 in Eqs. ͑15͒-͑17͒ can be simplified as
The total deflection calculated from elastic deformation and slip-induced deflection is
where EIϭsection rigidity based on transformed section. The above deflections can be written in terms of effective rigidity B in a format similar to one without slip as
where
where ϭ24EI␤/(L 2 h); and EIϭE s (I 0 ϩA 0 d c 2 )ϭE s A 0 /A 1 ϭrigidity of transformed section. It can be seen from Eqs. ͑28͒ to ͑30͒ that the rigidity reduction factor is composed of two parts. The first part is a function of beam geometrical parameters. The second part, denoted as F ϭ i /, is loading type dependent. It will be seen later that F is not very sensitive to load type. For this reason, and considering the fact that an actual beam usually carries different type of loading simultaneously, a formula similar to Eq. ͑30͒ is proposed for general loading as
The generalized equivalent or effective rigidity is
and the total deflection considering slip effect is
where f e ϭelastic deflection based on transformed section.
Effect of Slip on Section Modulus
From Fig. 3 , the slip-induced strain is linearly distributed across the section as 
By using ⑀ ss for top flange and 0.5⑀ ss for web, the axial force variation in the steel section due to slip is
Correspondingly, the moment variation in the section is
where A ft ϭarea of top flange; and A w ϭarea of web. Since the total curvature is related to the M ͑where M is the section bending moment without considering slip effect͒ as
The slip-induced curvature is then interpreted from Eq. ͑37͒ as
from which we have
Considering Eqs. ͑36͒ and ͑39͒ gives
The internal moment ͑see Fig. 3͒ is then derived as
where Mϭinternal moment without slip; and M p ϭinternal moment including slip. When there is no slip, then M p ϭM . The first yield moment M py considering slip is related to the first yield moment M y without slip as 
Since the slip effect reduces internal resistant moment by ⌬M , the stress in the section actually increases due to the ⌬M as
The effective section modulus is thus derived from Eq. ͑43͒ as
When considering slip effects, Eqs. ͑42͒, ͑43͒, and ͑44͒ show that the actual first yield moment reduces, the internal stress increases, and section modulus decreases, respectively, as compared with the case without slip.
Application to Continuous Beams
Many beams in building frames, platforms, and bridges are continuous structures. To increase the net clearances, the ratio of span length to depth is usually larger than 20. It is important to have reliable methods in predicting the deflection of these continuous structures. Traditionally, the variable section method shown in Fig. 4 is used. Specifically, only the reinforcement and steel materials are considered in the range of ␤ 1 L near each side of the supports and transformed section method is used in other areas. However, based on the comparison with experimental measurements of continuous beams that will be discussed later, the predicted deflection is less than the measured values. The writers believe that by including the slip effect, the accuracy of predicted deflection can be significantly improved.
The calculation can be done by dividing the continuous beam into a series of simply supported ones and using the principle of superposition to obtain the final results of the continuous beams. For each simply supported beam, the formulas developed earlier can be used to calculate the reduced rigidity B in each span. Then the deflections for different load cases can be calculated using the formulas given in Figs. 5 and 6. The deflection of the continuous beam with variable section can also be predicted by other numerical approaches such as finite element analysis. The deflection is then modified by multiplying ͑1ϩ͒ to consider the slip effect.
Experimental Verification
Six specimens were tested in the experimental program. The parameters of these specimens are summarized in Table 1 . As shown in Fig. 7 , two-point loading was used for specimens SCB-1 and SCB-2; while one-point loading was used for specimens SCB-3 and SCB-4. Specimens CCB-1 and CCB-2 are two-span continuous beams with a span length of 3840 mm for each span. One concentrated load was applied at the center of each span.
The measured slip distributions under different loading along the span for a typical specimen ͑SCB-1͒ are shown in Fig. 8 . The maximum slips were observed near the ends of beam. The curves of slips at beam end versus loading are shown in Fig. 9 . It can be seen that the relationship between load and slip is fairly linear when P/ P u is less than 0.6, where P u is the ultimate capacity. With the increase of loading, the relationship becomes highly nonlinear. It seems that the pitches of the shear studs have significant effects on the slip by comparing the measured slips of specimens SCB-1 and SCB-2 with specimens SCB-3 and SCB-4. The slip distribution of a typical specimen ͑SCB-3͒ across the section is shown in Fig. 10 . The measured slip ͑strain discontinuity͒ between the steel and concrete is clearly observed.
The results from the formulas derived earlier are compared with the test results of the present study and also other available test measurements. Table 2 is for simply supported beams and  Table 3 is for continuous beams.
In Table 2 , Pϭactual loading; P u ϭultimate capacity; f t ϭtotal measured deflection; f e ϭcalculated deflection using transformed section method without considering slip effect; f acu ϭdeflection calculated with formulas from Eqs. ͑28͒-͑30͒; and f app ϭapproximate deflection calculated using generalized formula Eq. ͑31͒. The specimens in this table include one-point concentrated load, two-point symmetric load, and uniform load. It can be seen that the transformed section method without considering slip effects underpredicts the deflection ͑column 8͒. In comparison, the formulas developed in this study predict very close results to the measurements ͑column 9͒. Table 3 , the section rigidity near the supports (0.15L of each side of the supports͒ is reduced by considering only the contribution from steel beam and reinforcement. The deflection is then calculated using the transformed section method. To consider the slip effects, this deflection is modified using ͑1ϩ͒ and compared with measurements. Again, the procedure developed in the present study predicts close results to the measurement ͑column 8͒, while the transformed section method ignoring the slip effect underestimates the deflection ͑column 7͒.
For continuous beam in

Comparison with Design Specifications
While the slip effect on deflection has been recognized, it is not considered in the current AASHTO ͑1998͒ design specifications. In the AISC ͑1993͒ commentary, it is recommended that deflection and stress calculations of partially composite girders be based on the so-called effective moment of inertia and effective section modulus to account for slip effects as 
where I eff ϭeffective moment of inertia of composite section; I s ϭmoment of inertia of steel beam; ⌺Q n ϭtotal shear strength of shear connectors provided; C f ϭcompression force in concrete slab of full composite section; I tr ϭmoment of inertia of transformed section assuming full composite and uncracked section; S eff ϭeffective section modulus of composite section; S s ϭsection modulus of steel beam; and S tr ϭsection modulus of transformed section assuming full composite and uncracked section. A realistic comparison between present study and the code specifications should be based on typical dimensions used in practice. For this reason, composite beams for different lengths are proportioned considering dead load and HS20 truckload. It is noted that though the beams were designed with the HS20 load, concrete strength f c Јϭ34.5 MPa ͑5,000 psi͒, concrete elastic modulus E c ϭ28,000 MPa ͑4,030,000 psi͒, steel yield strength f y ϭ345 MPa ͑50,000 psi͒, steel elastic modulus E s ϭ200,000 MPa ͑29,000,000 psi͒, girder spacing S g ϭ2,440 mm ͑96 in.͒, slab thickness t s ϭ200 mm ͑8 in.͒, the steel web depth to span length (d w /L)ϭ1/28; steel top and bottom flange thicknesses t top and t bot ϭ25 mm ͑1 in.͒; and web thickness and top flange width are calculated based on the slenderness requirement of the specifications. Finally, the bottom flange width is calculated by equating the member capacity to the load effect, i.e., M n ϭM u . The proportioned beam dimensions are summarized in Table 4 with span length from 9.1 to 45.7 m. According to Nie and Shen ͑1997͒, the effect of slip on ultimate strength of composite beam can be ignored. The strength reduction due to the effect of slip is thus not considered in the present strength design. However, for the stiffness calculation, different degree of composite action is considered and indicated by a parameter k p ϭ⌺Q n /C f . The k p value of 1.0, 0.5, and 0.25 represents full composite action, 50% composite action, and 25% composite action, respectively. The shear stud pitch p is calculated from the parameter k p and p f as
where n s ϭnumber of shear studs per row across the flange; and p f ϭstud pitch required for full composite action. It can be seen from Table 4 that ␣L is at least 4.0 even in the extreme case with k p ϭ0.25, which verifies the assumption of e Ϫ␣L Х0. The comparison of the generalized and their original form for different load types is plotted in Fig. 11 . It can be seen that all the values fall within a narrow band with the generalized one approximately in the middle, meaning the generalization should not result in a significant error for different load types. This, along with the reason that actual beams carry different type of loads, justifies the generalization of made earlier.
In Table 5 , the effective modulus and moment of inertia from formulas Eqs. ͑32͒ and ͑44͒, normalized by their values based on transformed section, are compared with that from Eqs. ͑45͒ and ͑46͒, the AISC formulas. It can be seen that even for the full composite section, the present study predicts a reduction up to 2% ͑column 2͒ for section modulus and a reduction ranging from 3% to 17% ͑column 4͒ for moment of inertia. In comparison, the AISC code specifications do not consider the reduction due to slip ͑columns 3 and 5͒, meaning that the AISC is on the unconservative side for the full composite section. For 50% composite, the present study predicts up to 3% ͑col-umn 6͒ and 26% ͑column 8͒ reduction in section modulus and moment of inertia, respectively, compared with up to 13% ͑col-umn 7͒ and 24% ͑column 9͒ for AISC specifications. For 25% composite, the present study predicts up to 5% ͑column 10͒ and 33% ͑column 12͒ reduction in section modulus and moment of inertia, respectively, compared with up to 23% ͑column 11͒ and 41% ͑column 13͒ for AISC specifications. Generally, the AISC specifications are more conservative than the present study for the partial composite section.
Summary and Conclusions
The equivalent rigidity of beams considering three different loading types was derived based on equilibrium and curvature compatibility, on which a general formula to account for slip effects was developed. The results were then compared with available test results for both simply supported and continuous beams. Including slip effects has significantly improved the accuracy of deflection predictions. The test results justify the assumptions made in the present study.
According to the present study for typical beams used in practice ͑for span ranging from 9.1 to 45.7 m͒, shear slip between the interface of steel and concrete in partial composite beam has a considerable contribution to the beam deformation. Even for full composite beams, slip effects may result in stiffness reduction up to 17% for short span beams. In general, the slip effect on section modulus is less than that on moment of inertia.
The slip effects are ignored in many design specifications that use transformed section method. In the commentary of AISC specifications ͑AISC 1993͒, stress and deflection calculations of partially composite girders are based on effective section modulus and effective moment of inertia to account for slip, while ignoring slip effects in full composite sections. Therefore, for full composite sections, the predicted effective section modulus and moment of inertia with AISC design specifications are unconservative compared with the present study. For partial composite section, the AISC predictions are more conservative than the present study.
Deflection is a control parameter in modern bridge designs that use high strength steel and high strength concrete. While underestimated deflection may result in serviceability problem, an overestimated deflection would result in a rejection of a design, which would have adverse financial effects on the project. Therefore, accurate prediction of deflection in a reasonable effort becomes increasingly important in modern bridge design.
